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Chronic effect of parathyroid hormone on NHE3 expression ide-sensitive exchange of intracellular protons for extra-
in rat renal proximal tubules. cellular sodium, thereby playing an important role in
Background. The most abundant Na1/H1 exchanger in the the regulation of cell volume and intracellular pH. Inapical membrane of proximal tubules is the type 3 isoform
polarized epithelia, NHEs are also involved in transepi-(NHE3), and its activity is acutely inhibited by parathyroid
thelial NaHCO3 and NaCl transport [1]. Using molecularhormone (PTH). In the present study, we investigate whether
changes in protein abundance as well as in mRNA levels play biological approaches, six different NHE isoforms have
a significant role in the long-term modulation of NHE3 by PTH. been identified in mammalian tissues [2–7]. The various
Methods. Three groups of animals were compared: (1) HP:
isoforms are functionally distinguished by their specificanimals submitted to hyperparathyroidism by subcutaneous
pharmacological properties, distinctive tissue distribu-implantation of PTH pellets, providing threefold basal levels
of this hormone (2.1 U · h21); (2) control: sham-operated rats tions, and subcellular localization patterns. Four iso-
in which placebo pellets were implanted; (3) PTX: animals forms (NHE1 through NHE4) are present in plasma
submitted to hypoparathyroidism by thyroparathyroidectomy membrane of renal tubular cells [8]. Of these, NHE3,followed by subcutaneous implantation of thyroxin pellets,
the least sensitive to amiloride and the most abundantwhich provided basal levels of thyroid hormone. After eight
isoform in renal tissue, is confined to the apical mem-days, we measured bicarbonate reabsorption in renal proximal
tubules by in vivo microperfusion. NHE3 activity was also branes of proximal tubule and thick ascending limb
measured in brush border membrane (BBM) vesicles by proton [9–11]. A variety of studies has documented that NHE3
dependent uptake of 22Na. NHE3 expression was evaluated by
is a major target for modulation of proximal tubularNorthern blot, Western blot and immunohistochemistry.
reabsorption of bicarbonate [11–14]. Its transport func-Results. Bicarbonate reabsorption in renal proximal tubules
was significantly decreased in HP rats. Na1/H1 exchange activ- tion is tightly regulated in response to acute as well as
ity in isolated BBM vesicles was 6400 6 840, 9225 6 505, and chronic perturbations.
12205 6 690 cpm · mg21 · 15 s21 in HP, sham, and PTX groups,
It has long been known that parathyroid hormonerespectively. BBM NHE3 protein abundance decreased 39.3 6
(PTH) acts on kidney to alter urinary electrolyte and8.2% in HP rats and increased 54.6 6 7.8% in PTX rats. Immu-
nohistochemistry showed that expression of NHE3 protein in fluid excretion, leading to phosphaturia and, less consis-
apical BBM was decreased in HP rats and was increased in tently, bicarbonaturia [15–21]. In 1979, Iino and Burg
PTX rats. Northern blot analysis of total kidney RNA showed reported inhibition of bicarbonate and fluid reabsorptionthat the abundance of NHE3 mRNA was 20.3 6 1.3% de-
by PTH (in vitro) in perfused rabbit proximal tubulescreased in HP rats and 27.7 6 2.1% increased in PTX.
[21]. Studies pursuing the PTH effect on Na1-dependentConclusions. Our results indicate that the chronic inhibitory
effect of PTH on the renal proximal tubule NHE3 is associated H1 secretion by renal epithelial cells have been per-
with changes in the expression of NHE3 mRNA levels and formed in brush-border membrane (BBM) vesicles [22]
protein abundance.
and in various renal cell lines such as opossum kidney
(OK cells) [22–25], LLC-PK1/PKE20 cells [26], and mu-
The multigene family of Na1/H1 exchangers (NHEs) rine [27] and rabbit [28] proximal tubule cells. PTH inhib-
in mammalian cells mediates the electroneutral, amilor- its the Na1-dependent and amiloride-sensitive H1 secre-
tion present at the luminal membrane of these cells,
where NHE3 is particularly abundant. The acute inhibi-
Key words: Na1/H1 exchange, renal proximal tubules, sodium/hydro-
tory effect of PTH on the luminal NHE has been attrib-gen exchangers, cell volume regulation, intracellular pH, bicarbonate
modulation. uted to activation of both protein kinase A (PKA) and
protein kinase C (PKC) signaling cascades [24, 29]. PKA
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mediary proteins [31–33]. Inhibitory effects of PKC acti- Luminal perfusion solution had the following composi-
vation on NHE3 have also been shown [34–36], although tion: 90 mmol/L NaCl, 25 mmol/L NaHCO3, 1 mmol/L
this effect does not appear to be due to changes of the MgSO4, 1 mmol/L CaCl2, 4 mmol/L KCl, pH 7.8, plus
phosphorylation state of NHE3 [37]. raffinose to isosmolality. The rate of tubular acidification
In the present study, we demonstrated that long-term was measured by injecting a fluid droplet at a pH of 7.8
PTH modulation of sodium bicarbonate reabsorption between the oil columns and following the pH changes
at renal proximal tubules is correlated with significant toward the steady-state level (stationary perfusion). pH
changes in the amount of NHE3 protein abundance at was measured by means of double-barreled microelec-
the luminal membranes of proximal tubule and NHE3- trodes, one barrel being filled with H1-sensitive resin
specific message in total RNA of renal tissue. These re- (Fluka) and the other with 1 mol/L KCl. pH changes
sults indicate that in addition to the acute inhibitory were recorded with a Beckman model RP dynograph
effect on functional luminal NHE activity, PTH also and digitized by a Dell 333D microcomputer equipped
alters NHE3 gene expression, reducing NHE3 protein with an analog-to-digital conversion board (Lynx, Sa˜o
levels and thereby contributing to changes in NaHCO3 Paulo, Brazil) for data acquisition and processing. The
reabsorption observed in chronic parathyroid dysfunc- rate of tubular acidification was evaluated by means of
tions.
half-life of the injected bicarbonate. The net bicarbonate
reabsorption (JHCO3) was calculated from this equation:
METHODS
JHCO3 5 K [(HCO3 2)t 2 (HCO3 2)s] r/2
Experimental animals
where K is the rate constant calculated from the exponen-Experiments were performed on male Wistar rats (180
tial fitting of luminal bicarbonate decay. The subscripts tto 220 g) with free access to water and standard labora-
and s, appended to the bicarbonate concentration, indicatetory chow until the moment of kidney removal. Three
instantaneous and steady state concentrations, and r isgroups of animals were used: (1) in the HP group, 12
the tubular radius. The bicarbonate concentrations wereanimals received interscapular subcutaneous (SC) im-
calculated from pH at time t and s and systemic PCO2.plantation of slow-release PTH pellets, providing three-
fold basal levels of this hormone (2.1 U · h21); (2) the
22Na uptake studiessham group consisted of 44 animals that were submitted
to a mock-surgery followed by SC implantation of pla- Uptake of 22Na into the membrane vesicles was as-
cebo pellets; (3) in the PTX group, 26 animals were sayed at room temperature using a rapid filtration tech-
submitted to thyroparathyroidectomy under ether anes- nique [38]. Briefly, BBM vesicles were washed and equil-
thesia, immediately followed by SC implantation of slow- ibrated for one hour at room temperature in 254 mmol/L
release thyroxin pellets (1 mg/100 g body weight/day) in mannitol, 35 mmol/L KOH, 68 mmol/L HEPES, and 50
order to obtain physiological levels of T3 and T4. Eight mmol/L Mes, pH 6.0. The vesicles were then centrifuged
days after these procedures, the animals were anesthe- and resuspended in the same medium at a final protein
tized with ether; the left carotid artery was cannulated concentration of 10 mg/mL. Uptake experiments were
for blood collection and they were sacrificed by heart then performed in triplicate by the addition of 10 mL of
incision. Kidneys from each animal were immediately membrane suspension to 90 mL of experimental solution
removed for RNA extraction or BBM preparation. containing 4 3 105 cpm 22Na, 300 mmol/L mannitol, 42
Successful hyperparathyroidism or hypoparathyroid- mmol/L KOH, and 80 mmol/L HEPES, pH 7.5. After
ism in the HP or PTX groups was indicated by a signifi- incubation for 15 seconds at room temperature, the reac-
cant increase in plasma Ca and a fall in plasma Pi levels
tion was terminated by the rapid addition of 3.0 mL of
or a fall in plasma Ca and an increase in plasma Pi
an iced “stop solution” consisting of 300 mmol/L manni-levels, respectively, relative to values observed in control
tol, 42 mmol/L KOH, and 80 mmol/L HEPES, pH 7.5.animals. In PTX animals, the success of thyroid hormone
The mixture was immediately poured on a 0.65 mm Milli-replacement was evaluated by testing T3 and T4 levels
pore filter and washed with an additional 9.0 mL of “stopcompared with those of the sham group.
solution.” Filters were then placed in vials containing
3.0 mL Ready Solv HP (Beckman, Palo Alto, CA, USA)Microperfusion experiments
and counted by scintillation spectroscopy. Values for theIn vivo microperfusion experiments were carried out
nonspecific retention of 22Na by the filters were sub-essentially as described previously [36], including anes-
tracted from the values for the incubated samples. Somethesia and surgical preparation for microperfusion. Prox-
experiments were performed in the presence of 100imal tubules were perfused by means of double-barreled
mmol/L 5-N-ethyl-N-isopropyl-amiloride (EIPA) to in-micropipettes: One barrel was filled with Sudan black-
colored castor oil and the other with the luminal solution. hibit NHE3 activity.
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Brush-border membrane preparation and cubes and postfixed in PLP for four to six hours. For
ultrathin cryosections, blocks of fixed tissues were se-Western blots
quentially cut from the cortex, and representative sec-Immediately after kidney removal, cortexes were sepa-
tions of this region were selected, preserving the orienta-rated at 48C and homogenized in HEPES buffer with the
tion of the blocks. Blocks of tissue were cryoprotectedprotease inhibitors pepstatin A, leupeptin, phenylmethyl-
by incubation for one hour in 2.3 mol/L sucrose in phos-sulfonyl fluoride (PMSF) and K2EDTA at 1 mmol/L each.
phate buffer (pH 7.2) with 50% polyvinylpyrrolidone,Pools of BBM obtained from eight rats (equivalent
mounted on aluminum nails, frozen, and stored in liquidamount from each animal) in each one of the described
N2 [42, 43]. Sections of 0.5 mm were cut using a Reichertgroups were prepared using a Mg21 precipitation method
Ultracut E ultramicrotome fitted with a FC-4E cryoat-[39]. Fifty micrograms of BBM proteins were solubilized
tachment and mounted on gelatin-coated slides.in Laemmli sample buffer, and proteins were separated
For staining, sections were washed sequentially, forby sodium dodecyl sulfate-polyacrylamide gel electro-
10 minutes each in PBS, 50 mmol/L NH4Cl in PBS, andphoresis (SDS-PAGE) using 7.5% polyacrylamide gels
blocking buffer [1% bovine serum albumin (BSA) inaccording to Laemmli [40]. For immunoblotting, proteins
PBS] to reduce background, followed by incubation forwere transferred to polyvinylidene difluoride (PVDF; Im-
one hour with primary antibody diluted in 10% goatmobilon-P; Millipore, Bedford, MA, USA) from poly-
serum in PBS. After washing in PBS, sections were incu-acrylamide gels at 300 mA for 6 to 10 hours at 48C with a
bated for one hour with fluorescein isothiocyanate-con-Transphor transfer electrophoresis unit (Hoefer Scientific
jugated rabbit anti-mouse IgG (Zymed) diluted in PBSInstruments, San Francisco, CA, USA) and stained with
containing 50% goat serum. Slices were then washedPonceau S in 0.5% trichloroacetic acid. Entire sheets of
and mounted in 75% glycerol in PBS containing 0.1%PVDF membranes containing transferred protein were
p-phenylenediamine to inhibit photobleaching. Photo-incubated first in Blotto [5% nonfat dry milk and 0.1%
micrographs were taken with a Zeiss Axiophot micro-Tween 20 in phosphate-buffered saline (PBS), pH 7.4]
scope using either Tri-X (ASA 400) or T-Max (ASAfor one to three hours to block nonspecific binding of anti-
100) films.
body, followed by overnight incubation in primary an-
tibody diluted 1:1.000 in Blotto (Monoclonal NHE3 Northern blots
antibody-2B9; a gift from D. Biemesderfer and P. Aron- Whole kidneys were homogenized with a Polytron in
son, Yale University, Saybrook, CT, USA [11]; villin a denaturing solution of 4 mol/L guanidinium thiocya-
antibody was obtained from Immunotech, Narseilla, nate, 25 mmol/L sodium citrate, pH 7.0, 0.5% sarcosyl,
France). The membranes were then washed five times and 0.1 mol/L 2-mercaptoethanol. Sequentially, 0.1 vol-
in Blotto and incubated for one hour with horseradish ume of 2 mol/L sodium acetate, pH 4.0, 1 volume of
peroxidase (HRP)-conjugated goat anti-mouse IgG (g water-saturated phenol, and 0.2 volumes of chloroform-
chain specific) from Zymed (San Francisco, CA, USA). isoamyl alcohol mixture (24:1) were added to the homog-
Bound antibody was detected with enhanced chemilumi- enate. Total RNA was isolated as previously described
nescence (ECL; Amersham, Arlington Heights, CA, by Puissant and Houdebine [44] and resuspended in wa-
USA) according to manufacturer’s protocols. Hyperfilm- ter treated with diethylpyrocarbonate. Absorbances at
MP (Amersham) exposed to membranes for one to three 260 and 280 nm were obtained to quantitate RNA and
minutes was developed in an x-ray film processor (100 to assess its purity. The 260/280 ratios were 1.7 to 1.8.
Plus; All Pro Imaging Corp., Hicksville, NY, USA). The Pools of 20 mg of total RNA from eight rats (2.5 mg
visualized bands were digitized using a scanner (Storm; from each) in the three groups, denatured in a sample
Molecular Dynamics, Sunnyvale, CA, USA) and were buffer containing formaldehyde, were size fractionated
quantitated by the ImageQuant program (Molecular Dy- in 1% agarose gel with 0.66 mol/L formaldehyde. After
namics). electrophoresis, gels were stained with SYBRtGreen II
(Molecular Probes, Eugene, OR, USA) and were laser
Tissue preparation for immunohistochemistry scanned (STORM 840; Molecular Dynamics) in order
Eight days after the initial surgery and/or pellet im- to assess RNA integrity and to quantitate it by the Im-
plantation, three rats from each group were anesthetized ageQuant program. Sequentially, gels were washed in
with chloral hydrate. After inserting a cannula into the 10 3 standard saline citrate (SSC; 1 3 SSC is 0.15 mol/L
descending aorta distal to renal arteries, the kidneys were NaCl and 0.015 trisodium citrate, pH 7.0) and transferred
fixed by retrograde perfusion, with PBS, pH 7.4 at 378C, to nylon membrane (Hybond N; Amersham) by capillar-
to remove blood, followed by PLP fixative containing ity, for 16 hours, in the same buffer. The RNA was
2% paraformaldehyde, 75 mmol/L lysine, and 10 mmol/L immobilized by irradiation with ultraviolet light (UV-
sodium periodate in phosphate buffer, pH 7.4 [41]. crosslinker; Amersham). At this point, the membranes
were stained with methylene blue to verify the transferAfter initial fixation, kidneys were cut into 2 to 4 mm
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Table 1. Serum biochemical parameters evaluated in theefficiency and to label the rRNA positions (28S and 18S).
experimental animals
Prehybridization (4 hours at 658C) and hybridization (18
HP Sham PTXhours at 658C) of the RNA blots were performed with
(N 5 12) (N 5 44) (N 5 26)a buffer consisting of 5 3 SSC, 25 mmol/L K2PO4, 5 3
T3 ng/dL 40.563.0 45.1615.0 42.0611.0Denhardt’s solution (0.1% Ficoll 400, 0.1% polyvinylpyr-
T4 mg/dL 1.6560.54 1.6360.75 1.5360.46
rolidone, and 0.1% BSA-fraction V), 50 mg/mL dena- Calcium mmol/L 2.4760.19a 2.1260.15 1.7860.26a
Phosphorus mmol/L 1.5260.15a 2.0360.26 3.0860.79atured salmon sperm DNA, and 50% deionized for-
mamide containing 10% dextran sulfate. For cRNA T3 and T4 serum levels were measured to check the adequacy of thyroid
hormone replacement in PTX rats. Calcium and phosphorus serum levels wereprobe synthesis, we used a partial-length cDNA of rat
measured in order to verify if HP and PTX animals met the criteria for hyperpara-
NHE3, obtained in our laboratory by polymerase chain thyroidism and hypoparathyroidism, respectively. Data are expressed as mean 6
SD. N is the number of animals in each group.reaction (PCR), using oligonucleotides for the cyto-
a Significantly different when compared with sham operated group
plasmic domain coding region, which is least conserved
between the different isoforms of Na/H exchangers
(sense, 59-GTCATCTGGACATGGAACACA-39; anti-
sense, 59-CCTTGTCCTGCTTCTCATCCT-39). The ob- shown in Table 1, T3 and T4 levels for all groups were well
within these ranges and did not vary statistically betweentained fragment was cloned in pBlueScript (KS1) and
sequenced and linearized with HindIII endonuclease. groups. Total calcium and phosphate serum levels were
measured from blood collected from these three groupspTRI 18 S rRNA from Ambion (Austin, TX, USA) was
used as template for the 18S-RNA probe. We used T7 of rats. Serum levels of PTH were not evaluated, but
animals were considered to exhibit low levels of PTH ifRNA polymerase from Ambion (StripEZ T7/T3 Kit) to
synthesize cRNA probes labeled with 32P-UTP (NEN- serum calcium was below 1.97 mmol/L (mean 2 SD) and
serum Pi was above 2.29 mmol/L (mean 1 SD). AnimalsDuPont, Bad Homburg, Germany). After hybridization,
the blots were washed twice for 30 minutes in 2 3 SSC 1 were considered to have high levels of PTH if serum Ca
was above 2.27 mmol/L (mean 1 SD) and serum Pi was0.1% SDS at 658C and twice for 15 minutes in 0.1 3
SSC 1 0.1% SDS at 658C. The membranes were exposed below 1.77 mmol/L (mean 2 SD). As shown in Table 1,
serum Ca and Pi levels in HP and PTX rats were signifi-to phosphor screen (Molecular Dynamics) for 24 hours
and scanned using a STORM 840 (Molecular Dynamics). cantly different from the control group. HP rats satisfied
the criteria for hyperparathyroidism, and PTX rats metNHE3 mRNA levels and 18 S rRNA levels were quanti-
tated using the ImageQuant program (Molecular Dy- the criteria for hypoparathyroidism.
namics).
Analysis of bicarbonate reabsorption and
NHE3 activityMaterials
Chemicals used were purchased from Sigma (St. Louis, The chronic effect of PTH on bicarbonate reabsorp-
tion (JHCO3) in rat renal proximal tubules was evaluatedMO, USA). Reagents were from Life Technologies
(Grand Island, NY, USA), unless otherwise specified. by stationary microperfusion and continuous measure-
ment of luminal pH. In vivo microperfusion experimentsSlow-releasing T4 and PTH pellets were purchased from
Innovative Research of America (Toledo, OH, USA). were conducted in individual proximal convoluted tu-
bules (S2 segments) from HP (N 5 9), sham (N 5 8),
Statistics and PTX (N 5 9) rats. As indicated in Figure 1, JHCO3
was clearly inhibited in HP rats (2.06 6 0.21 nmol · cm2 ·Data are expressed as mean 6 SE unless otherwise
specified. Statistical tests were performed using the un- s21) when compared with sham rats (2.93 6 0.17 nmol ·
cm2 · s21). Stationary pH was also significantly higher inpaired Student’s t-test or analysis of variance with the
Tukey post-test if more than two groups were compared. HP (6.97 6 0.05) compared with Sham-operated rats
(6.72 6 0.08). JHCO3 (3.37 6 0.19 nmol · cm2 1 s21) wasP , 0.05 was considered statistically significant.
increased and stationary pH (6.60 6 0.05) was decreased
in PTX rats, but these changes were not statistically
RESULTS
significant (P 5 0.055 and P 5 0.051, respectively).
Animal selection for studies We next evaluated the NHE3 activity by measuring
the proton-dependent uptake of 22Na in BBM vesiclesWe have analyzed 82 rats, 12 implanted with slow re-
lease PTH pellets, 44 sham-operated, and 26 PTX im- from HP (N 5 5) rats, sham (N 5 9), and PTX (N 5
5). The results of these experiments are shown in Figureplanted with slow release T4 pellets. In all of them, T3
and T4 levels were measured by radioimmunoassay; rats 2. Compared with the sham-operated group (9225 6 505
cpm/mg), NHE3 activity was significantly decreased inwere considered to possess normal thyroid function if
serum T3 levels were 30.1 to 60.0 ng/dL (mean 6 SD) HP rats (6400 6 840 cpm/mg) and increased in PTX rats
(12205 6 690 cpm/mg, P , 0.05). There was no significantand T4 levels were 0.88 to 2.38 mg/dL (mean 6 SD). As
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Fig. 2. Type 3 isoform of the Na1/H1 exchanger (NHE3) activity
(cpm/mg) in brush border membrane (BBM) vesicles from HP, sham,
and PTX rats. Na1/H1 exchange activity is the proton-dependent up-
take of 22Na after 15 seconds of incubation at room temperature. Data
are expressed as means 6 SE. *Significantly different (P , 0.05) com-
pared with the sham-operated group.
maneuvers on NHE3 protein expression, another NHE3
monoclonal antibody (19F5), for which specificity for
NHE3 has been previously demonstrated [11], was used
for immunohistochemistry. Overviews of sections of the
kidney cortex revealed NHE3 immunostaining at the
BBM. Compared with control rats, HP rats showed a
Fig. 1. Bicarbonate reabsorption and stationary pH in proximal tubules decrease, and PTX rats showed an increase in NHE3-
of hyperparathyroid (HP), control (sham), and parathyroidectomized specific staining (Fig. 4).(PTX) rats. The chronic effect of parathyroid hormone (PTH) on bicar-
bonate reabsorption in renal proximal tubules was evaluated by station-
Analysis of NHE3 mRNA levelsary microperfusion and continuous measurement of luminal pH. (A)
Bicarbonate reabsorption (JHCO3). (B ) Stationary pH. Arterial blood Northern blot analyses of pooled RNA from eachpH was not different between these groups (data not shown). Data are
group (2.5 mg of total RNA per animal/8 animals perexpressed as means 6 SE. *Significantly different (P , 0.05) compared
with sham-operated group. group) are shown in Figure 5. The same results were
obtained when experiments were performed using RNA
from each rat individually (20 mg per rat/lane). NHE3
mRNA signal corresponds to a unique band slightly
difference among the three groups when BBM vesicles
above the 28S signal (at 5.6 kbp). In HP rats, we observed
were assayed in the presence of 100 mmol/L EIPA.
a reduction of 19% in a blot obtained from a pool of
RNA and 20.3 6 1.3% (N 5 8) in blots from individualAnalysis of NHE3 protein expression
samples. The NHE3-specific band was stronger in the
The monoclonal antibody to NHE3 (2B9) has been PTX group; an increase of 28% was observed in a blot
previously evaluated relative to its specificity for NHE3- obtained from a pool of RNA (N 5 8) and 27.7 6 2.1%
protein in renal tissue [11]. This antibody was used in (N 5 8) in a blot obtained from individual samples. Both
Western blots of BBM preparations from eight animals differences were significant compared with control rats
in each of the groups. As illustrated in Figure 3, the (sham). When the blot was stripped and rehybridized
NHE3 monoclonal antibody recognized one band of ap- with the 18S-cRNA probe, the signals were similar in all
proximately 80 kD in the BBM fraction from each group. three groups, indicating minimal differences in RNA
Densitometric analyses, corrected to villin expression loading.
used as internal control, revealed a decrease of 39.3 6
8.2% in NHE3 protein expression in HP animals and an
DISCUSSIONincrease of 54.6 6 7.8% in PTX animals compared with
the sham-operated group. The acute inhibition of NHE type 3 isoform (NHE3)
activity by PTH has been consistently reported by severalTo analyze further the influence of these experimental
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although this increment was not statistically significant
(P 5 0.055). In vivo microperfusion analysis evaluates
proximal tubule proton secretion function in a most
physiological condition. However, it does not represent
the whole population of proximal apical membranes as
well as a BBM preparation. Amiloride-sensitive 22Na
uptake studies performed in renal BBM vesicles from
our three experimental groups confirmed that NHE3
activity was decreased in HP and increased in PTX when
compared with sham rats. The results obtained from
both experiments indicate that PTH chronically inhibits
NHE3 activity in rat renal proximal tubules.
Studies by Cano, Preisig, and Alpern have shown that
chronic increases in cAMP levels for six hours led to the
stimulation of luminal Na1/H1 exchange in opossum
kidney (OK) cells when measured 16 to 20 hours after
cAMP removal [45]. The authors suggested that hor-
mones such as PTH, which acts on NHE3 at least in part
by increasing cAMP levels, acutely inhibits NHE3, but
chronically stimulates the activity of this transporter. The
discrepancy between those observations and ours can
be partially explained by the sustained modification in
cAMP levels expected in our experiments as well as by
other different experimental approaches used in each
study. Consistent with our findings, recent studies from
Fan et al showed that parathyroidectomized rats have
increased apical NHE3 activity [46].
Western blot and immunohistochemical studies haveFig. 3. Abundance of NHE3 and villin protein in BBM from HP, sham,
suggested that changes in NHE3 protein abundance inand PTX rats. Western blot analyses were performed as described in
the Methods section. The NHE3 monoclonal antibody recognized one renal proximal apical membrane play a significant role
band of 80 kD. Analyses of villin expression were used as an internal in long-term inhibition of NHE3 by PTH. Recent studiescontrol. Blots were quantitated by densitometry, and the combined
have been performed in PTX rats that received an intra-data from eight animals in each group are represented as columns in
a bar graph. Data are expressed as means 6 SE. *Significantly different venous bolus of PTH in order to examine the mecha-
(P , 0.05) compared with the sham-operated group. nisms by which PTH acutely inhibits NHE3. Both in-
crease in NHE3 phosphorylation and redistribution of
NHE3 transporter from BBM to endosomal stores seem
to be involved. The authors did not observe changes in
laboratories in experiments using isolated BBMs [22, 23] NHE3 protein abundance in apical membrane in re-
and various cultured cell lines [23, 26–28]. However, sponse to acute PTH. However, a statistically nonsig-
long-term modulation of NHE3 by PTH has not been nificant decrease occurred 20 hours after the PTH bolus
rigorously evaluated. The present study examined the administration [46]. Our data strongly suggest that not
chronic effect of PTH on NHE3 activity, protein expres- only does PTH have acute effects on NHE3 activity, but
sion, and specific mRNA abundance in rat renal proximal also chronic effects on inhibiting renal proximal apical
tubule. We found that PTH induced a decrease and para- membrane Na1/H1 exchange via down-regulation of
thyroidectomy induced an increase in NHE3 activity, NHE3 protein expression.
NHE3 protein, and NHE3-mRNA levels. Northern blot analysis of renal tissue total RNA made
A major fraction of proximal bicarbonate reabsorp- it evident that changes in protein expression occur con-
tion is mediated by proton secretion through NHE3 currently with changes in NHE3 mRNA levels. These
[10–14]. By in vivo microperfusion analyses, we were results suggest that the chronic effect of PTH on this
able to demonstrate the chronic inhibitory effect of PTH NHE isoform is, at least in part, due to regulation of
on H1 secretion at the apical membrane of renal proxi- transcription or mRNA lifetime. Other modulators of
mal tubules. Proximal tubule bicarbonate reabsorption NHE3 expression have also been found to work via regu-
(JHCO3) was significantly lower in rats that received high lation at the mRNA level. For example, chronic acidosis
levels of PTH over eight days (HP) than in sham-oper- leads to an increase in NHE activity, which is associated
with increased NHE3 mRNA levels in the thick as-ated rats. JHCO3 was increased in functionally PTX rats,
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Fig. 4. Specific NHE3 protein immunofluo-
rescence of renal proximal tubule from HP
(A), sham (B ), and PTX (C ) rats. Semithin
cryosections of rat kidney were labeled with
mAb 19F5 (anti-NHE3). (D ) Phase contrast
image of A. (E ) Phase contrast image of B.
(F ) Phase contrast image of C. Magnification
3400.
Fig. 5. Abundance of NHE3-mRNA and 18S
rRNA in kidney tissue from HP rats, sham
rats, and PTX rats. Northern blot analyses
were performed as described in the Methods
section. The NHE3 mRNA signal corresponds
to a unique band slightly above the 28S signal
at 5.6 kb. When the blot was stripped and
rehybridized with 18S-cRNA probe, the signal
was similar in all three groups, indicating mini-
mal differences in RNA loading. The abun-
dance of NHE3 mRNA relative to 18S RNA
was quantitated by densitometry. Combined
data from eight animals in each group are
represented as columns in a bar graph. Data
are expressed as means 6 SE. *Significantly
different (P , 0.05) compared with sham-
operated group.
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